The effect of molecular composition of multilayers, by pairing type I collagen (Col I) with either hyaluronic acid (HA) or chondroitin sulfate (CS) was studied regarding the osteogenic differentiation of adhering human adipose-derived stem cells (hADSCs). Polyelectrolyte multilayer (PEM) formation was based primarily on ion pairing and on additional intrinsic cross-linking through imine bond formation with Col I replacing native by oxidized HA (oHA) or CS (oCS). Significant amounts of Col I fibrils were found on both native and oxidized CS-based PEMs, resulting in higher water contact angles and surface potential under physiological condition, while much less organized Col I was detected in either HA-based multilayers, which were more hydrophilic and negatively charged. An important finding was that hADSCs remodeled Col I at the terminal layers of PEMs by mechanical reorganization and pericellular proteolytic degradation, being more pronounced on CS-based PEMs. This was in accordance with the higher quantity of Col I deposition in this system, accompanied by more cell spreading, focal adhesions (FA) formation and significant a2b1 integrin recruitment compared to HA-based PEMs. Both CS-based PEMs caused also an increased fibronectin (FN) secretion and cell growth. Furthermore, significant calcium phosphate deposition, enhanced ALP, Col I and Runx2 expression were observed in hADSCs on CS-based PEMs, particularly on oCS-containing one. Overall, multilayer composition can be used to direct cell-matrix interactions, and hence stem cell fates showing for the first time that PEMs made of biogenic polyelectrolytes undergo significant remodeling of terminal protein layers, which seems to enable cells to form a more adequate extracellular matrix-like environment.
a b s t r a c t
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Statement of Significance
Natural polymer derived polyelectrolyte multilayers (PEMs) have been recently applied to adjust biomaterials to meet specific tissue demands. However, the effect of molecular composition of multilayers on both surface properties and cellular response, especially the fate of human adipose derived stem cells (hADSCs) upon osteogenic differentiation has not been studied extensively, yet. In addition, no studies exist that investigate a potential cell-dependent remodeling of PEMs made of extracellular matrix (ECM) components like collagens and glycosaminoglycans (GAGs). Furthermore, there is no knowledge whether the ability of cells to remodel PEM components may provide an added value regarding cell growth and differentiation. Finally, it has not been explored yet, how intrinsic cross-linking of ECM derived polyelectrolytes that improve the stability of PEMs will affect the differentiation potential of hADSCs. The current work aims to address these questions and found that the type of GAG has a strong effect on properties of multilayers and osteogenic differentiation of hADSCs. Additionally, we also show http://dx.doi.org/10.1016/j.actbio.2016.05.023 1742-7061/Ó 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Introduction
In native tissues, cells are tightly connected to the extracellular matrix (ECM), which regulates development, functioning and regeneration of tissues [1, 2] . The ECM acts as physical support of cells and provides them with environmental signals, which determine cellular fates [3] . In particular, the molecular composition and specific structure of ECM regulate cellular processes, like adhesion, proliferation and differentiation [4] [5] [6] . Hence, the ECM plays a fundamental role during development and regeneration. Thereby, the cell-ECM interactions have a highly dynamic character, since cells continuously remodel the matrix changing this way the cellular microenvironment, which eventually affects cell behavior [7] . In this context, it was observed recently that cells remodel adsorbed collagens both by mechanical reorganization and proteolytic degradation [8] [9] [10] . It was also found that fibronectin (FN) possesses an important role for the mechanical reorganization of collagen [9] [10] [11] . Indeed, the relative amounts and organization of different ECM components vary from tissue to tissue, reflecting its peculiar functions. Hence, one aim of regenerative medicine is to design biomaterials that mimic the ECM composition of a specific tissue to guide cell differentiation and function into the desired lineage type.
Bone is a complex tissue with an intricate and ordered association of organic and inorganic components in a continuously renewing biological environment [12] . During the in vivo bone formation, mesenchymal stem cells (MSCs) derived osteoblasts synthesize and excrete type I collagen (Col I) the main component of the organic matrix of bone, but also other specific bone matrix components, such as osteocalcin, proteoglycans, etc. The Col I molecular chains self-assemble in triple helical molecules, fibrils and three dimensional networks and become then mineralized with hydroxyapatite, which is embedded within the interstices and roughly aligned parallel to the long axis of the fibrils [12] . The spatial organization of Col I fibers in vivo is believed to play an important role in directing cell behavior and stem cell fate decisions [13] . Additionally, chondroitin sulfate (CS) from proteoglycans is another important macromolecule that is present at the early stage in bone and tooth formation, and found to be an effective promoter of hydroxyapatite nucleation and growth [14] .
MSCs hold great promise for tissue engineering and regenerative medicine owing to their ability to differentiate into cell types of several mesenchymal tissues [15] . Particularly, human adiposederived stem cells (hADSCs) have gained an increasing attention since they are readily accessible in large amounts and possess the potential to form bone, cartilage, fat and other tissues [16, 17] . Therefore, the successful application of hADSCs in bone tissue engineering is highly dependent on the capacity of culturing matrix-like environment to trigger a specific osteogenic response [18] . However, to provide such an environment at biomaterial's interface to cell and tissues is still a challenging task [19] .
Indeed, chemical and physical surface modifications are frequently applied to address biomaterials to the specific tissue demands by binding ECM components like proteins or glycosaminoglycans (GAGs) to address specific cell receptors like integrins or growth factor receptors important for growth and differentiation of cells [20, 21] . Among them, layer-by-layer (LbL) technique has emerged as a versatile method, which is based on alternating deposition of biogenic polyelectrolytes such as proteins, polypeptides and GAGs for formation of bioactive multilayer coatings [22, 23] . Based on their opposite charge under acidic condition, Col I paired with either hyaluronic acid (HA) or CS represents an interesting system to create multilayers with a composition similar to connective tissue ECM [22] . Unfortunately, some of these biopolymer-based multilayers have been found relatively unstable under physiological conditions [24, 25] . To enhance their stability, recently an intrinsic crosslinking between aldehydes of oxidized HA or CS and amino groups of Col I was introduced, resulting in enhanced stability and biocompatibility [22] . Here we continue studies with these multilayer systems looking at the ability of hADSCs to remodel the ECM-like multilayers during culture and the effect of multilayer composition and intrinsic cross-linking on differentiation of hADSCs under the effect of osteogenic growth media. Results are reported herein.
Materials and methods

Preparation of polyelectrolyte solutions
Poly (ethylene imine) (PEI, M w $ 750 kDa, Sigma, Steinheim, Germany) was dissolved in a 0.15 M sodium chloride (Roth, Karlsruhe, Germany) solution at a concentration of 5 mg mL
À1
. Native chondroitin sulfate (nCS Mw $ 25 kDa) was obtained from Sigma while native hyaluronic acid (nHA Mw $ 1.3 MDa) was a kind gift from Innovent (Jena, Germany). Oxidized CS and HA (oCS and oHA) were prepared and characterized as described previously [22] . Native polyanion GAGs (nCS, nHA) and oxidized polyanion GAGs (oCS, oHA) were adjusted to a concentration of 0.5 mg mL À1 . Type I collagen (Col I) from porcine skin (polycation, M w $ 100 kDa, Sichuan Mingrang Bio-Tech, Sichuan, China) was used as polycation and dissolved in 0.2 M acetic acid (Roth) at a concentration of 2 mg mL À1 at 4°C. After dissolution, the recovered solution was centrifuged at 9000g for 10 min to remove any insoluble precipitates. A final concentration of 0.5 mg mL À1 was achieved by diluting the stock solution in 0.2 M acetic acid supplement with sodium chloride (final concentration to 0.15 M sodium chloride). Prior to use, the pH value of all polyelectrolyte solutions was adjusted to pH 4.0 except for PEI (pH adjusted to 7.4).
Preparation of polyelectrolyte multilayers (PEMs)
Polyelectrolyte multilayer (PEM) fabrication was performed on glass coverslips (Roth) of size 12 Â 12 mm and 15 Â 15 mm, respectively. Prior to multilayer coating, glass coverslips were cleaned with 0.5 M sodium hydroxide (Roth) dissolved in 96% Ethanol (Roth) at room temperature for 2 h followed by extensive rinsing with ultrapure water and drying under nitrogen flow. Silicon wafers (Silicon materials, Kaufering, Germany) with a size of (10 Â 10) mm 2 was treated with a solution of ammonium hydroxide (25%, Roth), hydrogen peroxide (35%, Roth) and ultrapure water (1:1:5, v/v/v) at 75°C for 15 min followed by thoroughly washing with ultrapure water [26] . A first anchoring layer of PEI was formed on cleaned glass and silicon wafer (with its oxide layer on top) substrates to obtain a positive net surface charge, which was followed then by alternating adsorption of nGAGs (nCS, nHA) or oGAGs (oCS, oHA) as polyanions and Col I as polycation. The polyanions were adsorbed for 15 min at pH 4.0, while Col I was adsorbed for 20 min at the same pH value. Each adsorption step was followed by three times rinsing with a solution of 0.15 M sodium chloride (pH 4.0) for 5 min. Finally, Col I terminated multilayer systems with eight total layers (8th) on top of the PEI layer were obtained. The four different PEM systems were denoted as: nCS-Col I; nHA-Col I; oCS-Col I; and oHA-Col I.
2.3. Characterization of polyelectrolyte multilayers (PEMs) 2.3.1. Measurement of type I collagen (Col I) concentration in multilayers A protein quantification assay (BCA assay) was used to quantify the Col I content in the four PEM systems. In brief, PEMs coated glass coverslips were placed in 24-well plates (Greiner, Frickenhausen, Germany), followed by the reaction with 400 lL working reagent of BCA Protein Assay Kit (Pierce, Rockford, USA) at 37°C for 5 h. Thereafter, 225 lL of supernatant from each well was carefully transferred to a new 96-well plate (Greiner), followed by measurement of absorbance at 562 nm with a plate reader (FLUOstar, BMG Lab Tech, Offenburg, Germany). The amount of Col I was determined from a calibration curve plotted from a series of Col I solutions with known concentrations.
Detection of type I collagen (Col I) fibrils in multilayers
AFM (Nano-R, Pacific Nanotechnology, Santa Clara, USA) was used to study the surface topography of Col I terminated multilayer surfaces. PEMs modified silicon wafers were incubated with PBS for 1 h and followed by drying with a flow of nitrogen. After that, all the samples were probed in a close-contact mode under ambient (air) laboratory conditions and scans of (10 Â 10) lm 2 were recorded. The images were processed by using the software ''Gwyddion 2.30".
Cell culture
Human adipose-derived stem cells (hADSCs) (Lonza, Walkwesville, USA) were grown in Dulbecco's modified Eagle's medium (DMEM/F12, Gibco, Alcobendas, Spain) supplied with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin solution (Gibco). Cells were detached from almost confluent flasks with 0.25% trypsin/0.02% EDTA (Gibco). The remaining trypsin activity was stopped with 10% FBS containing DMEM/F12. The cells were resuspended in FBS-free medium after centrifugation at 800g for 5 min. Finally, the cells were seeded on PEMs coated glass coverslips at a concentration of 2 Â 10 4 cells mL À1 . 2.5.2. Focal adhesion (FA) complex formation and actin organization hADSCs were seeded as described above. After 4 h incubation cells were fixed with 4% paraformaldehyde (Sigma) (10 min), permeabilized in 0.1% Triton X-100 in PBS (v/v) (Sigma) for another 10 min and blocked with PBS containing 1% (w/v) bovine serum albumin (BSA, Sigma) for 30 min and washed finally with PBS. Focal adhesions (FA) were labelled using a monoclonal antivinculin antibody (1:400, Sigma) diluted in 1% (w/v) BSA in PBS at room temperature for 30 min followed by AlexaFluor 488 goat anti-mouse (1:400, InVitrogen, Engene, Oregon, USA) as a secondary antibody. The actin cytoskeleton was visualized at the same time by parallel incubation with AlexaFluor 555 Phalloidin (1:100, inVitrogen) for 30 min, too. After washing with PBS and distilled water, samples were mounted with Mowiol (Merck, Darmstadt, Germany), examined and photographed with confocal laser scanning microscopy (CLSM 710, Carl Zeiss Micro-Imaging GmbH, Jena, Germany) using a 63Â oil immersion objective. Images were processed with the ZEN2011 (Carl Zeiss).
2.5.2.1. Organization of cellular integrins. hADSCs were incubated and fixed as described above. To study the distribution of a 2 b 1 integrin, they were labelled by monoclonal anti-human integrin antibody of a 2 b 1 (1:100, Abcam, Cambridge, UK), followed by an incubation with goat-anti-mouse AlexFluor 488 as a secondary antibody. AlexaFluor 555 Phalloidin was mixed with the secondary antibody to stain the actin cytoskeleton. The incubation time for all antibodies and phalloidin was 30 min. Samples were washed, mounted and viewed as described above. To quantify vinculin and a 2 b 1 integrin levels in cells, images were analyzed by ImageJ based on a reported method with some modification [28] . In brief, using ImageJ, an outline was drawn around each cell and area, mean and integrated intensity were measured. The background signal was taken from a region next to the cell of interest using a rectangular selection tool, and the area, mean and integrated density were calculated the same way. Then, the total corrected cellular fluorescence was calculated as integrated intensity minus the area of selected cells multiplied by mean fluorescence of background readings.
2.5.2.2.
Remodeling of type I collagen (Col I) by hADSCs. hADSCs were seeded and incubated as described above for 4 h in the presence of 10% FBS. To study the fate of substratum adsorbed Col I, native Col I-containing PEM samples were processed for immunofluorescence using a monoclonal anti-Col I antibody (1:100, Sigma) followed by Cy2-conjugated goat anti mouse IgG (1:100, Dianova, Hamburg, Germany) as a secondary antibody. After washing with PBS and distilled water, samples were mounted and examined and photographed with CLSM using a 63Â oil immersion objective. To assess the degree of rearrangement of Col I by hADSCs a method was adapted from previous work [29, 30] , with quantification being performed by ImageJ. Briefly, the images were first normalized to ensure the same total range of pixel values. The background intensity range of the Col I layer was taken from a defined region (25 Â 25 lm) outside of the cell area for each condition. Across the samples the average of the minimum and maximum intensity values were used as thresholds to define the unaffected Col I layer. The cell area was then used as a mask over the Col I layer and the intensity values within the defined threshold were measured. The values obtained provided a% area fraction of the selected area that was within the threshold values and was thus subtracted from 100% to indicate the amount of the Col I that has been rearranged.
To learn more about the fate of Col I layers at the internal part of PEMs, another approach was used to visualize Col I distribution via direct in-situ labelling with fluorescein isothiocyanate (FITC) dissolved in DMSO, a procedure which was described elsewhere [31] . Briefly, the FITC-labelled Col I was used for the initial 4 layers and then continuing layer formation with non-labelled Col I. To view simultaneously the cells, all samples, either native Col I or FITC-Col I -containing samples were further stained for actin with Alexa Fluor 555 Phalloidin as described above.
Detection of fibronectin matrix and colocalization with type I collagen (Col I)
To study the development of a FN matrix secreted and organized by hADSCs and FN colocalization with Col I, the cells were cultured for 4 h on native Col I or FITC-Col I -containing PEM surfaces. Native Col I was viewed as described above using Cy2-conjugated goat anti mouse IgG as a secondary antibody, while secreted FN was viewed by a polyclonal anti-FN antibody (dilution 1:250, Sigma) followed by AlexaFluor 555-labelled anti-rabbit antibody (dilution 1:400, Invitrogen). All samples were finally mounted with Mowiol and examined with CLSM.
Studies on cellular proteolytic activity
Peri-cellular proteolytic activity was quantified in two levels: (i) by measuring the released fluorescent signal in the medium from FITC-labelled Col I samples (comparing with to without cells) following a protocol described previously [11] and (ii) measuring the signal from the extracted PEM-associated Col I (e.g. the protein that might be proteolytically altered but still remains adsorbed to the PEMs). For that purpose the Col I was labelled directly with FITC within the PEMs, as explained above, following the protocol described by McSwain et al. [31] .
FITC-Col I containing PEMs prepared as above were seeded with hADSCs (5 Â 10 4 cells per well, in 12 well-plates) and incubated overnight (first 1 h in serum-free medium to allow direct attachment to Col I on multilayers and then 10% serum was added). At the end of incubation supernatants were collected to measure the FITC-Col I release (first level) by samples that had been cultured either with or without cells using a fluorescent spectrometer (Fluoromax-4, HORIBA Scientific, Edison, USA) (488 nm excitation and 530 nm emission). Conversely, the PEM-associated FITC-Col I (second level) was measured after extraction of the protein with 0.2 M sodium hydroxide (NaOH, 500 lL per PEMs) for 2 h at 37°C from the samples comparing again samples with cells versus those without cells (e.g. control samples). Here we have to note that in preliminary studies we had observed that protein degradation by collagenase (20 unit mL À1 collagenase at 37°C for 2 h) greatly increased the fluorescent yield of FITC-Col I, indicating that the labelled protein was quenched, presumably as a consequence of being labelled in excess of dye. We therefore speculated that eventual pericellular proteolysis, will cause de-quenching of FITC-Col I, e.g. will increase its fluorescence just as collagenase does, accepting the collagenase value as maximal protein degradation (100%). Thus we obtained a scale varying between zero (sample without cells) and the maximal degradation (i.e. 100% that is achieved by collagenase treatment), in which we could quantify the cellular proteolytic activity against Col I (samples with cells). More specifically we measured the fluorescent intensity of NaOH-extracts obtained from a given FITC labelled PEMs, cultured either with or without cells, and quantified the amount of its dequenching (increase of fluorescence) in the scale between zero (no cells) and 100% (collagenase activity). FITC-Col I samples were treated with collagenase (200 unit mL À1 from stock solution diluted with fresh medium at a ratio of 1:10) for 2 h, which was accepted as positive control as explained above. All experiments were run in triplicates.
Study of hADSCs proliferation on type I collagen (Col I) terminated multilayers
One mL serum-containing hADSCs suspension (1 Â 10 4 cells mL
À1
) was seeded on each PEM sample. The quantity of metabolic active cells after 1, 2 and 3 days was measured with a QBlue cell viability assay kit (BioChain, Newark, USA). Briefly, the medium was carefully aspirated and cells were washed once with sterile PBS. Then, 300 lL of pre-warmed colorless DMEM supplemented with QBlue assay reagent (ratio of 10:1) were added to each well, followed by incubation for another 2 h. Thereafter, 100 lL supernatants were transferred to a black 96-well plate (Greiner) and fluorescence signals were measured at an excitation wavelength of 544 nm and emission wavelength of 590 nm with a plate reader.
Induction of osteogenic differentiation
Osteogenic differentiation was induced after a confluent monolayer was formed. The osteogenic differentiation media (OM) consisted of basal medium (BM, 1% FBS and 1% penicillinstreptomycin-containing DMEM) supplemented with osteogenic supplements namely, 10 nM dexamethasone (Sigma), 50 mg mL À1 ascorbic acid (Sigma), 10 mM b-glycerophosphate (Alfa Aesar, Ward Hill, USA) and 50 ng mL À1 BMP2 (Peprotech, Rocky Hill, USA). The medium was changed every 3 days. Each experiment was done in triplicate. The samples on which cells were cultured with BM have been used as reference.
Detection of osteogenic differentiation of hADSCs 2.8.1. Activity of alkaline phosphatase (ALP)
Alkaline phosphatase activity (ALP) was measured to evaluate the osteoblastic differentiation. Cell lysates obtained by treatment with 0.2% Triton X-100 (Sigma) (in 10 mM Tris-HCl (pH = 7.2)) were incubated in substrate solution (2 mM p-nitrophenyl phosphate (pNPP, Sigma), in a substrate buffer (1 M diethanolamine at pH 9.8) for 30 min in the dark at 37°C, and measured the absorbance at 405 nm with a plate reader. The total protein content of the lysates was investigated by BCA assay. ALP activity was determined by normalization to the protein content of the lysates.
Histochemical and immunofluorescence staining
On day 21 post-differentiation, calcium phosphate deposition was investigated by Alizarin Red S staining. Staining with Alizarin Red S (2%, pH 4.2, Roth) was performed for 45 min in the dark. Briefly, the samples were washed once with PBS and fixed with 4% paraformaldehyde for 10 min. After twice washing with distilled water, Alizarin Red solution was added into each well, left working for 45 min in the dark at room temperature. Finally, the excess dye was removed by washing with distilled water. Images were taken in transmission mode with an Axiovert 100 equipped with a CCD camera.
To further investigate the development of a Col I matrix secreted by hADSCs, the samples were stained with a monoclonal anti-Col I antibody followed by Cy2-conjugated goat anti mouse IgG as a secondary antibody. To view the cells, samples were further stained for nuclear with To-Pro-3 (1:500, Invitrogen), mounted with Mowiol and examined with CLSM.
Gene expression of osteogenic markers by real-time RT-PCR
The expression levels of major osteogenic markers including Runx2 and Col I (Col IA) were used to evaluate whether the hADSCs differentiated into cells of the osteogenic lineage. On day 14 postdifferentiation, cells were detached from test samples using 0.25% trypsin/0.02% EDTA. Total RNA was isolated from cells using Trifast (Peq Lab, Erlangen, Germany) following standard protocols [32] . After DNAse treatment (DNase-Kit DNA-free, Life Technologies, Darmstadt, Germany) the extracted RNA was re-suspended in nuclease-free water (Promega, Madison, WI, USA) and the concentration was measured by spectrophotometry. cDNA was synthesized from 1 lg of total RNA by reverse transcription using transcription system (Promega, Mannheim, Germany). PCR samples contained 10 lL of Mastermix (Taq Polymerase 50 U mL (Table 1 ) and b-actin was used as the endogenous control. The data was analyzed by 2^-ddct method following Livak et al. [33] .
Data analysis and statistics
All quantitative data were expressed as the mean ± standard error unless otherwise specified. Statistical analysis was performed using Origin software (Originlab Corporation, Northampton, USA) with ANOVA test (One way) followed by post Tukey testing. The number of samples is indicated in the respective figure and table captions. Statistical significance was considered for p < 0.05 and is indicated by asterisks.
Results and discussion
Physicochemical characterization of polyelectrolyte multilayers (PEMs)
While a more comprehensive characterization of the multilayer formation process and also the presence of intrinsic cross-linking were shown in a previous paper [22] , here we show in Table 2 only an summary of surface properties and layer thickness taken from this work, because these are also determinants for the interaction with MSCs [34] .
The measurement of WCA with the sessile drop method showed that multilayers with CS were significantly less hydrophilic than those with HA as polyanion. A potential reason for this observation could be a higher quantity of Col I in CS-based PEMs in comparison to HA-based systems, which was confirmed by the BCA assay. Table 3 shows that the amount of Col I in CS-based systems was almost twice as high as in HA-based PEMs probably due to the higher charge density of CS. The use of oxidized GAG led to slightly lower WCA, which was only significant when comparing PEMs made of either nHA/Col I or oHA/Col I. However, as found in the BCA assay, there was no significant difference in the amount of Col I either using the native or oxidized GAGs. Therefore, one reason for the higher hydrophilicity of the cross-linked systems might be a stabilization of GAG binding to surface regions of PEMs, which increases the wettability due to the more hydrophilic nature of GAGs in comparison to Col I. Zeta potentials, shown here only at pH 7.4 further support that more Col I polycation was present in CS-based systems due to lesser negative potentials compared to HA-containing PEMs. The finding that zeta potentials were less negative for oGAG based systems compared to PEM made of native GAG seems to be contradictory to WCA measurements at a first view. However, as described in more detail in our previous paper and also shown by others, zeta potentials of PEMs are not only a representation of the outermost polyelectrolyte layer, but also of intrinsic composition of layers closer to the surface [35, 36] . Therefore, it may also be assumed from these measurements that the lesser negative zeta potentials of CS-based PEMs indicate a more dominant role of the polycation Col I in this system. Ellipsometry measurements showed also that intrinsic cross-linking caused a higher layer thickness in both oCS-and oHA-based PEMs compared to PEMs made of native GAGs, which indicates that the covalent cross-linking leads to more binding of polyelectrolytes compared to ion pairing alone. Overall, the physical characterization of multilayer surface properties corresponds well to the different compositions of both systems and shows also that the intrinsic crosslinking by imine bond formation has only a small effect. However, as it will be lined out further in this manuscript, effects on cell adhesion, growth and differentiation are most probably centering on the different content and organization of Col I in terminal layers since differences in wettability and surface potential were relatively small.
To learn more about the ability of GAG to support fibrillization of Col I in PEMs, multilayers were investigated with AFM (see Fig. 1 ). Col I aggregates were present in all multilayer systems, although a prominent fibrous structure was found mostly on CSbased PEMs (both nCS and oCS) with a tendency to form a network-like structure. Conversely, rather sparse and short fibrils were observed in both nHA and oHA-containing PEMs, where Col I seemed to form rather discrete aggregates than fibers. Col I fibrillogenesis is a sophisticated process highly affected by environmental factors, such as pH, electrolyte type and collagen concentration, but also on the presence of GAG like CS and other naturally occurring polyanions [37, 38] . In general, at pH value <5.5 Col I forms more globular structures, while at pH value >5.5 normally fibrillogenesis is supported [39] . The presence of GAG however, particularly CS, seems to play an important role in regulating Col I fibril formation as it happened even at pH 4. Also, the concentration of Col I affects strongly fibril formation as found previously [40, 41] . Presumably CS binds to collagen molecules and facilitates the organization of mature fibrils by increasing collagen concentration as it was found in the presence of 4,6-disulfated disaccharides structures, previously [38] . In line with this, here a pronounced fibril formation in both nCS and oCS-based PEMs was observed, when more Col I was adsorbed, which showed also a specific networklike organization as in connective tissue.
Short-term culture of hADSCs on multilayers
hADSCs were seeded on the samples for 1 h in serum-free medium to allow a direct contact of cells with Col I on the multilayer surfaces avoiding the interference with other proteins. Thereafter, 10% serum was added and samples were cultured for 3 more hours. The quantitative data of cell adhesion and spreading are shown in Fig. 2 . No significant differences in cell adhesion were found, although cell number was slightly higher on CS-based PEMs independent on oxidization (see Fig. 2A ), which could be related to the higher amount of fibrillar Col I and the lower wettability of these multilayers. By contrast, significantly higher extent of cell spreading was observed on CS-based (both nCS-Col I and oCS-Col I) multilayers compared to nHA-containing PEMs (p < 0.05) as shown in Fig. 2B . It was also observed that cells spread significantly more on oCS-containing PEMs compared to oHA-based one, while no significant difference was found between nCS-Col I and oHA-Col I.
To learn more about the organization of hADSCs adhesive machinery, we followed the formation of focal adhesions (FA), visualized by staining of vinculin and the development of actin cytoskeleton (viewed by fluorescence-labelled phalloidin) after 4 h of incubation (see Fig. 2C ). Though a pronounced cell spreading was found on all samples, a remarkable difference was found in the overall appearance of FA plaques. Much less extended and rather dot-like FA plaques were found on HA-based PEMs, while larger and elongated FA plaques where longitudinal actin stress fibers often inserted (resulting in the yellow color of the merged images) were detected on CS-based PEMs, which is again well in line with the presence of more fibrillar Col I. In particular, the quantitative analysis of vinculin-positive focal adhesions showed higher quantities in cells plated on CS-based PEMs compared to HA-containing ones. In addition, the intrinsic cross-linking in multilayer systems made of oCS/Col I compared to nCS/Col I (as shown in Fig. 2D ). Vinculin as part of FA complexes is directly involved in actin cytoskeleton organization, which is critical for the development of cell spreading. In addition the formation of FA complexes is also involved in signal transduction via FA and other kinases [42] . Since integrins are the major components of FA plaques connecting ECM proteins with the cell cytoskeleton and signaling complexes, we studied the expression, organization and quantification of a 2 b 1 that is regarded as main collagen receptors [43, 44] . Indeed, as shown in Fig. 3A and B a 2 b 1 was more expressed and organized in hADSCs adhering on CS-based PEM surfaces (either nCS-Col I or oCS-Col I), forming clusters resembling small FA plaques. Conversely, on HA-based PEMs the cells showed a weaker integrin expression and a rather diffuse distribution with a tendency for accumulation of these integrins at the cell edges (see Fig. 3A and B as well).
The generally stronger adhesion, spreading and integrin organization of cells on CS-containing PEMs was obviously related to the composition of these PEM systems. First, more Col I was present in the CS-based multilayers (proven by BCA assay), which formed a dense fibrillar network resembling the natural Col I environment. The presence of Col I fibrils is known to enhance the adhesion of a variety of cells via an a 2 b 1 integrin-mediated mechanism [45] , which explains also the apparently lower organization of this integrin on HA-based PEMs that contained less and poorly fibrillized Col I. The amount of GAG obviously dominates in the HA-based systems as shown also in our previous work leading formation of smaller of Col I fibrils [22] , which seemed to be poorly recognized by a 2 b 1 integrins. On the other hand, the increased hydrophilicity of HA-based PEMs may further hinder cell spreading due to the increased water content of the layers resulting from the ability of HA to bind large amounts of water [46] . It is also interesting to note that both spreading and organization of cell adhesion complexes was more pronounced on oCS-based PEMs compared to nCS-Col I PEMs. Since intrinsic cross-linking by imine bond formation leads to additional changes of multilayer properties like increased stiffness [22] , effects on adhesion and spreading of cells can be expected [47] .
Remodeling of type I collagen (Col I)
Stability of PEMs made of biogenic polyelectrolytes is discussed critically because of a possible degradation of biomolecules in the relatively ''aggressive" biologic environment, which is rich in protein degrading enzymes like matrix metalloproteases released by cells [48] . On the other hand remodeling of adsorbed protein on biomaterials seems often to improve the biological performance of adhering cells [11, 28] , which can be exploited as biomimetic approach for creating conditions closer to the natural tissue [49] . Fig. 4A presents the overall morphology of hADSCs at low magnification after 4 h of incubation viewed by actin staining on the background of adsorbed Col I visualized by monoclonal antibodies. The micrographs shows that the cells not only attach to the terminal layer of Col I on PEMs, but also tend to remove the protein from the substratum (dark zones) and arrange it into fibril-like pattern, particularly evident on CS-based PEMs. The reorganization is better visible at higher magnification shown on Fig. 4B where only Col I is shown. It should be underlined that this reorganization is not compromising stability of PEMs since the remodeling process affected only the outermost layers (Supporting information S1), suggesting that cells were not able to reach Col I in subzones of both native and oxidized GAG-based PEMs. In notable contrast, much less reorganization of Col I was found in HA-containing PEMs, especially on oHA-based PEMs, which is also related to the lower content of Col I in these PEMs.
Reorganization of type I collagen (Col I) by mechanical remodeling
These studies demonstrate for the first time that hADSCs are not only able to recognize substratum-associated Col I in PEMs utilizing their integrin receptors, but also to reorganize this protein in terminal layers of PEMs. It should be also noticed that a distinctly different extent of Col I rearrangement was found among the four types of PEMs (Fig. 4C) . The apparently visible fibril-like pattern particularly on CS-containing PEMs clearly revealed the ability of hADSCs to remodel Col I involving integrins. Conversely, the less apparent reorganization of Col I on HA-based PEMs presumably is caused by the lowered amount of protein on this surface resulting in less binding sites for integrins leading to a weaker cellular interaction manifested by less FA formation and diminished accumulation of a 2 b 1 integrin. An interesting observation was the less pronounced reorganization of Col I on oGAG-based PEMs, which is presumably owing to the increased stability of the Col I layer by intrinsic cross-linking [22] , as an additional evidence for the increased overall stability of this type of PEMs, detected also previously with other methods [22] .
FN molecules possess two binding sites for collagens [50] and have been demonstrated to drive the organization of collagen type I and III into fibrils [51, 52] . Fibril-like reorganization in the presence of cells was found also for the non-fibrillar collagen type IV [9, 11] . Interestingly, co-staining of FN with Col I in this study showed significant FN secretion on CS-based PEMs in comparison to HA-containing multilayers (see Fig. 5 ). This indicates an increased activity of hADSCs on CS-based PEMs by means of de novo synthesis of FN. Furthermore, the clearly expressed colocalization of FN with Col I (resulting in orange on merges seen in the upper panel in Fig. 5 ) indicates a close relationship between FN fibrillogenesis and mechanical remodeling of Col I. It has to be noted however that a large part of Col I appears still green, which points to the possibility of an additional, most probably also integrin-dependent mechanisms contributing to the reorganization process. This is in agreement with other studies showing that integrin signaling regulates ECM organization and remodeling and thus contributes to the control of cell behavior in tissues [53] . Also the enhanced a 2 b 1 integrin clustering on CS-containing PEMs, where cells arranged more Col I fibrils is well in line with this (see Fig. 3 ). On the other hand, cross-linking of proteins has been shown to inhibit reorganization processes [54] , which explains the reduced Col I reorganization on crosslinked PEMs using oxidized GAG shown in the present study.
Proteolytic remodeling of FITC labelled type I collagen (FITC-Col I)
Apart from the mechanical tethering of Col I by the cells, another potential mechanism of Col I remodeling is the pericellular proteolysis by secretion of metallomatrix proteinases (MMPs) [8] .
Here the dark zone around cells in Figs. 4 and 5 represents the places from where the protein was removed to be arranged mechanically in a fibril-like pattern, but possibly also due to a proteolytic degradation of adsorbed Col I [9, 11] . To study the contribution of proteolytic degradation and to learn also about stability of these PEMs, FITC-Col I was used to quantify the cellular proteolytic de-quenching of substratum bound FITC-Col I (see Methods section). The maximal de-quenching (e.g. complete proteolysis) caused by the exposure of a given sample to collagenase is also shown for comparison. Fig. 6 A shows that the release of FITC-Col I from all PEM systems after 10 h incubation did not differ significantly, either with or without cells, though a little tendency (p > 0.05) of increased release was detected in samples ''+ cells" for CS-based PEMs. A significantly higher fluorescence signal was found for CS-based PEM systems, which correlates well with the higher Col I content measured by BCA assay. It was also observed that the spontaneous release from nCS-based PEMs was higher than from oCS-based one, which is another hint for the increased stability due intrinsic cross-linking by imine bond formation. Fig. 6B shows the NaOH-extracted FITC-Col I fluorescent signal from the samples ''with cells" (+) versus ''without cells" (À) compared to the maximal signal from collagenase treated samples. No effect of the adhering cells was observed in HA-based PEM systems suggesting an absent or negligible proteolytic activity in comparison to the results obtained with collagenase treated PEMs (positive control). However, a significant increase of the signal '' (+) cells" versus (À) cells (p < 0.05) was found in nCS-containing PEMs, suggesting a valuable proteolytic activity of hADSCs against Col I in this system. Again absent cell-mediated proteolysis was found in oCS-based PEMs, which seems to be again related to the enhanced stability of cross-linked PEMs.
Cell proliferation
The proliferation of hADSCs over a period of 1, 2 and 3 days on the different PEMs was studied with QBlue assay, which determines the metabolic activity of cells (Fig. 7) . In correspondence to the cell adhesion results, there was no significant difference in the metabolic activity of cells on different PEMs after one day of incubation. However, a significantly higher metabolic activity (p < 0.05) was found on CS-based PEMs compared to HA-based ones at longer incubation times, though no significant difference was found between the PEMs of the same type of GAG (as shown in Fig. 7) . It is well documented that integrin-mediated cell spreading and FA formation triggers cell proliferation and support the survival of anchorage dependent cells due to activation of MAP kinase pathway and up-regulation of Bcl-2 family of proteins [55] . Integrin-mediated cell spreading and FA formation was more pronounced on CS-based PEMs, obviously providing better conditions for cell growth than PEMs based on HA (as shown in Fig. 2 and Fig. 3) . Furthermore, the ability of cells to develop a structured ECM at the materials interface was also supported particularly in nCS but also on oCS-based PEMs, which seems to promote further the activity of cells as shown in previous studies for other type of biomaterials systems [8, 53] .
Osteogenic differentiation of hADSCs
The activity of ALP is an important prerequisite for mineral deposition by osteoblasts, since the enzyme catalyzes the release of phosphate from phosphate donors for subsequent precipitation of calcium ions and formation of hydroxyapatite [56] . To evaluate the function of hADSCs on the various PEMs, ALP activity was normalized to protein content and monitored at day 5, 11 and 15 postdifferentiation (Fig. 8) . There was no detectable difference of ALP activity of hADSCs cultured in BM on the different PEMs. However, ALP activity of hADSCs increased largely after addition of OM between days 5 and 15 on all the test samples (Fig. 8) . In contrast to this, only a slight increase of ALP activity within 15 days was detected, when cells were cultured in BM. Notably, pronounced differences were found when comparing the ALP activity of hADSCs cultured in OM on the four types of PEMs. As shown in Results are means ± SD of three independent experiments. The four types of polyelectrolyte multilayers (PEMs) are the same as described in Fig. 2 . Fig. 8 , both CS-based PEMs showed a significantly higher ALP activity compared to HA-containing PEMs within the culture time, suggesting that CS-based PEMs promote the osteogenic differentiation of hADSCs.
The deposition of hydroxyapatite is one feature of mature osteoblasts. hADSCs cultured on the different PEMs in BM or OM were stained at day 21 post-differentiation with Alizarin Red S to visualize calcium phosphate deposition (see Fig. 9 ). No significant staining was observed when hADSCs were cultured in BM (upper panel of Fig. 9 ) indicating the need of osteogenic inductors for differentiation of these stem cells. However, a staining was observed on all PEMs when hADSCs were cultured in OM (lower panel of Fig. 9 ), although the staining was more intense on CS-based compared to HA-based PEMs. Specifically, oCS-based PEMs induced most extensive calcium deposition, indicating that the intrinsic cross-linking of PEMs may enhance the osteogenic differentiation of hADSCs.
Immunofluorescence staining shown in Fig. 10 A was also used to detect de novo expression of the bone-specific ECM protein Col I (green staining) synthesized by hADSCs (blue nuclear staining) cultured in either BM or OM after 21 days induction. The upper panel of Fig. 10A shows micrographs from hADSCs cultured in BM, where no visible staining of Col I was observed. This finding demonstrates not only that osteogenic inductors are required for hADSCs, but also that the Col I initially deposited during PEMs formation did not contribute to staining after this time. By contrast, intense staining with visualization of a fibrillar structure of newly synthesized Col I became visible particularly when cells were cultured on CSbased multilayers in OM (lower panel in Fig. 10A ). It was also evident here in a qualitative manner that oCS-based PEMs promoted most Col I synthesis, as a more extended network of Col I was detected here. To further study the effect of molecular composition of PEMs on the differentiation potential of hADSCs, the osteogenic markers Runx2 and Col I were measured by qRT-PCR at day 14 post-differentiation. As shown in Fig. 10B , CS-based PEMs especially the oCS-PEMs caused a significant up-regulation of Runx2 expression in comparison to HA-containing PEMs, when hADSCs were cultured in OM. Runx2 is a zinc finger transcription factor, which is essential for osteoblast differentiation, acting on the downstream signaling and promoting the expression of important osteoblast proteins, such as Col I. Notably, a pronounced increase of Col I expression was observed in hADSCs cultured on oCSbased PEMs, however, no detectable differences were found among the other three groups (see Fig. 10C ).
ALP activity test, histochemical staining, immunofluorescence staining, and qRT-PCR results demonstrate that CS-containing PEMs, particularly oCS-based one greatly enhance hADSCs osteogenic differentiation compared to cells on HA-containing PEMs in the presence of osteogenic media supplements. The reason for superior activity of CS-based PEMs is probably the larger quantity and fibrillar structure of Col I, which is also a major component of bone tissue. This was also evident here by enhanced the cell matrix interactions, such as FA formation and integrin clustering. It is well in documented that osteogenesis is mediated by integrins, with b1 and b3 integrins each having been found to be important in regulating the osteogenic differentiation of hMSCs [57] . Interaction of hMSCs with Col I occurs via b1 integrins and has been shown to be critical for their osteogenic differentiation when cultured on Col I matrix including phosphorylation of focal adhesion kinase (FAK), downstream signaling by MAP kinase related to expression of osteogenic transcription factors [58, 59] . On the other hand, many studies demonstrated the beneficial of CS on bone formation [60, 61] . Murphy and the co-workers found that the type of GAG used, can control the lineage specification of MSCs, whereby HA enhanced chondrogenic differentiation and CS promoted osteogenic MSC differentiation [61] . Furthermore, the CS-based PEMs Fig. 8 . Activity of alkaline phosphates (ALP) normalized to protein content of hADSCs plated on the different polyelectrolyte multilayers (PEMs) after 3 weeks induction with basal medium (BM) and osteogenic differentiation medium (OM), respectively. ALP activity was determined after lysis of cells and use of pnitrophenylphosphate (pNPP) as substrate, normalized to the protein content of the lysates. The four types of PEMs were the same as described in Fig. 2 . Fig. 9 . Histochemical staining of calcium phosphate with Alizarin Red S at day 21 post-osteogenic differentiation. hADSCs were cultured in BM (basal medium; upper panel) and OM (osteogenic differentiation medium; lower panel); The four types of polyelectrolyte multilayers (PEMs) were the same as described in Fig. 2 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) permitted a significant remodeling of the terminal Col I layer, which allowed cells to develop a provisional ECM, including an extensive secretion of FN, which may further support ligation of integrins and signal transduction processes eventually supporting the osteogenic differentiation of hADSCs, as well. The most pronounced osteogenesis observed on the oCS-based PEMs might be caused by the improved stability of the biogenic components of these multilayers, which have then a long term effect on hADSCs differentiation.
Conclusion
This work demonstrates the impact of the microenvironment on stem cell fate during in vitro culture of hADSCs on PEMs made of Col I and either HA or CS by layer-by-layer (LbL) technique. By varying the type of GAG, we showed that the initial cellular behavior, and hence the fate of hADSCs regarding osteogenic differentiation was significantly affected. The CS-based PEMs that were constituted of more and fibrillary organized Col I supported hADSCs osteogenesis most, which was related to an increased cell spreading, FA formation, pronounced integrin clustering and welldefined actin cytoskeleton organization at early stages of culture, followed by more growth and osteogenic differentiation of hADSCs. It was also found that intrinsic cross-linking of oCS-based PEMs amplified the osteogenic differentiation, which might be related to the higher stiffness of this multilayer system [22] . This study also shows for the first time an active remodeling of biogenic PEMs by adhering cells, based on both mechanical reorganization and pericellular proteolytic degradation, which obviously allowed further beneficial changes of the microenvironment of stem cells. Indeed, both mechanical remodeling and proteolysis were mainly restricted to terminal Col I layers, while leaving layers underneath unaffected. Hence, such systems might be also used for uploading bioactive factors to achieve a further multi-functionality of PEMs. These findings provide new insights to our understanding not only on the importance of controlling matrix composition as a strategy to manipulate stem cell fates, but also in the dynamic nature of PEMs in contact with cells, which may open new avenues for their application in tissue engineering and regenerative medicine. In addition, the use of intrinsic cross-linking systems based on oxidized GAGs and polyamines like collagen, but also chitosan can be also used to encapsulate cells and cytokines for making in situ forming 3D systems as shown in a recent publication [62] , which represents a further promising application in engineering of bone, cartilage and other tissues.
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